The best-studied cytoskeletal system is the inner surface of the erythrocyte membrane, which provides an erythrocyte with the structural support needed to be stable yet flexible as it passes through the circulation. Current structural models predict that the spectrin-actin-based cytoskeletal network is attached to the plasma membrane through interactions of the protein ankyrin, which binds to both spectrin and the cytoplasmic domain of the transmembrane protein band 3. The crystal structure of the cytoplasmic domain of band 3 predicted that the ankyrin binding site was located on a ␤-hairpin loop in the cytoplasmic domain. In vitro, deletion of this loop eliminated ankyrin affinity for band 3 without affecting any other protein-band 3 interaction. To evaluate the importance of the ankyrin-band 3 linkage to membrane properties in vivo, we generated mice with the nucleotides encoding the 11-aa ␤-hairpin loop in the mouse Slc4a1 gene replaced with sequence encoding a diglycine bridge. Mice homozygous for the loop deletion were viable with mildly spherocytic and osmotically fragile erythrocytes. In vitro, homozygous ld/ld erythrocytes were incapable of binding ankyrin, but contrary to all previous predictions, abolishing the ankyrin-band 3 linkage destabilized the erythrocyte membrane to a lesser degree than complete deficiencies of either band 3 or ankyrin. Our data indicate that as yet uncharacterized interactions between other membrane proteins must significantly contribute to linkage of the spectrin-actin-based membrane cytoskeleton to the plasma membrane.
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cytoskeleton ͉ membrane ͉ transgenic ͉ spherocytosis T he erythrocyte membrane skeleton provides the stability and deformability required by the erythrocyte as it travels through the circulation, and is the paradigm for study of membrane structure and function in many cell types. It is composed of a spectrin-actin-based network of cytoskeletal proteins linked to the inner surface of the erythrocyte plasma membrane. In current models, the critical connection between the spectrinactin cytoskeleton and the plasma membrane is through the peripheral membrane protein ankyrin, which binds to both spectrin and the cytoplasmic domain of the transmembrane protein band 3 (cdb3) (1) .
Ankyrin, originally discovered in erythroid cells, is the prototype of a family of proteins present in many diverse organelles, cell types, and tissues. Ankyrins function in a wide variety of processes, including membrane organization, cell signaling, maintenance of cellular polarity, ion transport, and cell-cell adhesion. Thus, interactions between the cell membrane and the cytoskeleton play a fundamental role in cell membrane structure, function, and other cellular processes in all cells. In the erythrocyte, rupture of the ankyrin-cdb3-spectrin linkage with antibodies against cdb3 leads to loss of membrane stability and spontaneous erythrocyte fragmentation (2) .
In addition to interacting with each other, both band 3 and ankyrin interact with other membrane proteins. Ankyrin binds integral membrane proteins of the Rhesus (Rh)-Rh-associated glycoprotein (RhAG) complex (3), Na ϩ /K ϩ -ATPase (4), the Na ϩ /Ca 2ϩ exchanger (5), CD47 (6, 7) , and the voltagedependent Na ϩ channel (8) . Band 3 associates with the integral membrane proteins, glycophorin A and members of the Rh family, as well as cytosolic protein 4.1, protein 4.2, several kinases and phosphatases, glycolytic enzymes, adducin, and hemoglobin (9) (10) (11) . However, at this point, none of these linkages have been demonstrated to participate in the linkage of the cytoskeleton to the erythrocyte membrane.
In human erythrocytes, perturbations of the ankyrin-cdb3 interaction lead to hereditary spherocytosis (HS) (12) (13) (14) (15) (16) , a common inherited hemolytic anemia characterized by decreased membrane stability and altered cell morphology. Defects of ankyrin or band 3 cause Ϸ75% of HS cases (12, 13, (17) (18) (19) . Erythrocytes from ankyrin-deficient (nb/nb) and band 3-deficient (Slc4a1 Ϫ/Ϫ ) mice exhibit a severe loss of mechanical stability, altered morphology, and dramatically reduced survival (20) (21) (22) . We and others have recently solved the crystal structure of cdb3 (23) and the cdb3 binding domain of ankyrin (24) , respectively. The crystal structures predict that an 11-aa ␤-hairpin loop in cdb3 (residues 188-198 in the mouse and 175-185 in human) binds to the D3D4 domains of ankyrin (24) . Deletion of the ␤-hairpin loop specifically abolishes ankyrin binding to cdb3 in vitro, leading to the conclusion that ankyrin and band 3 interact specifically through this loop (23) .
These observations strongly support current models of the erythrocyte membrane skeleton in which the ankyrin-band 3 interaction is the primary linkage between the spectrin-actin cytoskeletal network and the plasma membrane (1, 25, 26) . However, whether the ankyrin-band 3 linkage is solely responsible for this critical role in vivo cannot be demonstrated by the binding of protein fragments in vitro or in animals in which one of the proteins is absent.
To specifically evaluate the importance of the ankyrin-cdb3 interaction in the linkage of the erythrocyte membrane to its cytoskeleton, we generated knockin mice in which the ␤-hairpin loop in band 3 was deleted and replaced by a flexible diglycine bridge to preserve the structure of cdb3. Erythrocytes from mice homozygous for the loop deletion (ld/ld) were mildly spherocytic and osmotically fragile, and inside-out vesicles from ld/ld erythrocytes were incapable of binding ankyrin. Despite the lack of ankyrin binding, the erythrocyte membrane proteins were assembled in normal amounts, and ld/ld erythrocytes were not as osmotically fragile and survived longer in the circulation than erythrocytes from nb/nb or Slc4a1 Ϫ/Ϫ mice (20) (21) (22) . We conclude from these data that in addition to the ankyrin-cdb3 linkage, additional proteins are involved in stabilizing the linkage of the spectrin-actin complex to the erythrocyte membrane.
Results
We used homologous recombination in ES cells to introduce a deletion in exon 7 of the murine Slc4a1 (AE1; band 3) gene that replaced the sequence encoding the 11 aa of the ␤-hairpin loop in cdb3 ( Fig. 1 ; residues 188-198), with sequence encoding two glycine residues. In addition, a phosphoglycerate kinase (PGK)-neo cassette was inserted into intron 4 of the Slc4a1 gene for positive selection of ES cells. Correctly targeted ES cells were injected into blastocysts and fertile male chimeras were bred to female prion-Cre transgenic mice, which express the Cre recombinase in the oocyte (27) . F 1 progeny from this cross that were negative for Cre, negative for the PGK-neo cassette (the PGKneo cassette was flanked by loxP sites for later removal with Cre recombinase), and heterozygous for the loop deletion mutation were identified. These animals were mated to generate animals homozygous for the ␤-hairpin loop deletion.
ld/ld mice were born in a normal Mendelian ratio and have a normal life span. Light and SEM comparison of wild-type (ϩ/ϩ) and ld/ld erythrocytes demonstrated that ld/ld cells were smaller than ϩ/ϩ cells and ld/ld cells had a higher percentage of spherocytes and stomatocytes (Fig. 2) . Forty-eight percent of ld/ld cells exhibited altered morphology (nonbiconcave disk shape), whereas Ͻ5% the wild-type cells showed altered red cell morphology. Hematologic indices were similar for wild-type, heterozygous ϩ/ld, and homozygous ld/ld mice, with the exception that ld/ld mice had a significantly higher percentage of reticulocytes in the peripheral blood (12.87% versus 2.18% P Ͻ 0.001) and Ter119 ϩ erythroid cells in the bone marrow and spleen (1.5-and 1.8-fold, respectively; P Ͻ 0.02; Table 1 ). Consistent with the presence of spherocytic erythrocytes in ld/ld peripheral blood, ld/ld erythrocytes showed a significant increase in osmotic fragility compared with wild-type or heterozygous ϩ/ld erythrocytes (Fig. 3 ). Spleen weights of the ld/ld mice were significantly greater than wild type, 0.39 Ϯ 0.05 versus 0.18 Ϯ 0.02 (P Ͻ 0.01; Table 1 ). The higher level of reticulocytes, the increased osmotic fragility, the relative increase in erythroid cells in the bone marrow and spleen, and the increased spleen weights of ld/ld mice predict a significant decrease in the estimated lifespan of ld/ld erythrocytes.
Quantitative RT-PCR analysis of Slc4a1 mRNA showed that the level of Slc4a1 mRNA was greater in ld/ld bone marrow and spleen than the level of Slc4a1 mRNA in wild-type or ϩ/ld bone marrow and spleen ( Table 1 ). The apparent increase in Slc4a1 mRNA levels in ld/ld bone marrow and spleen correlated with the increase in the percentage of Ter119 ϩ erythroid cells in ld/ld bone marrow and spleen. There were no significant differences in the relative abundances of band 3 protein in wild-type, ϩ/ld, and ld/ld erythrocytes. Comparison of wild-type, ϩ/ld, and ld/ld erythrocyte ghost membranes demonstrated normal levels of band 3 and other red cell membrane proteins [spectrin-to-actin ratio: ϩ/ϩ versus ϩ/ld ϭ 1.00 Ϯ 0.12, ϩ/ϩ versus ld/ld ϭ 1.11 Ϯ 0.11 (not significant); band 3-to-actin ratio: ϩ/ϩ versus ϩ/ld ϭ 1.17 ϩ 0.18, ϩ/ϩ versus ld/ld ϭ 1.16 Ϯ 0.08 (not significant); Fig.  4a ]. The levels of other membrane proteins, including glycophorin, RhAg, and CD47, were similar between ϩ/ϩ and ld/ld erythrocytes (data not shown). These observations were confirmed by Western blot analysis of whole-cell lysates and ghosts (Fig. 4 b and c ). These data demonstrate that deletion of the ␤-hairpin loop deletion does not significantly alter the level of band 3 protein in ld/ld erythrocytes.
To measure attachment of loop-deleted band 3 (ld-B3) to the spectrin-actin-erythrocyte membrane cytoskeleton, wild-type and ld/ld whole RBCs and erythrocyte ghosts were extracted with 2% Triton X-100. Analysis of the insoluble spectrin-actin skeletons showed a 1.4-fold reduction (P Ͻ 0.01) in the retention of band 3 in the membrane skeletons of ld/ld erythrocytes compared with wild-type cells, whereas the ratio of spectrin to actin in wild-type and ld/ld erythrocytes was unaffected (0.98 not significant; Fig. 5 ). These data are consistent with reduced attachment of the ld-B3 to the spectrin-actin skeleton.
Bennett and colleagues (28) demonstrated that the 45.6-kDa D3/D4 subdomains of ankyrin contain the primary binding site for band 3. To directly measure ankyrin binding to membrane associated band 3, KI-stripped inside-out vesicles (KI-IOVs) were prepared from wild-type and homozygous ld/ld erythrocytes and confirmed to be devoid of endogenous ankyrin and other skeleton proteins by SDS/PAGE (data not shown). Ankyrin binding was measured by using an 125 I-labeled fragment containing the ankyrin D3/D4 subdomains (29) . Wild-type KIIOVs bound the D3/D4 subunit in a concentration-dependent fashion, reaching saturation at Ϸ100 nM (K d ϭ 14.22 nM). In contrast, KI-IOVs from ld/ld erythrocytes bound only background levels of the labeled D3/D4 ankyrin fragment, indicating that amino acid residues 188-198 of cdb3 are responsible for virtually all of the band 3-D3/D4-ankyrin interaction (Fig. 6a) .
To test whether ankyrin domains other than D3/D4 ankyrin fragment were capable of interacting with ld-B3, the experiments were repeated with 125 I-labeled full-length ankyrin (2.1) purified from human erythrocytes. Similar to the results with the D3/D4 ankyrin subdomains, no full-length ankyrin bound to homozygous ld/ld KI-IOVs (Fig. 6b) . KI-IOVs from ϩ/ld erythrocytes bound ankyrin with the same affinity as wild-type band 3 (data not shown). We conclude that the ␤-hairpin loop formed by residues 188-198 of cdb3 is essential for ankyrin binding in murine RBCs.
Discussion
The specific linkages involved in the formation of erythrocyte membrane skeleton have served as prototypes for the assembly of related cytoskeletons in other cell types. Unlike the studies with knockout mice, in which a gene is modified to create a nonfunctional or null allele, our approach introduces a minimal modification into the band 3 protein. The mouse developed here allowed us to specifically examine the role of the ␤-hairpin loop in cdb3 in the ankyrin-band 3 linkage. Our findings establish that additional linkages between ankyrin and the red cell membrane exist, which has implications for models of both the erythrocyte membrane skeleton and other cytoskeletons involving ankyrin linkages.
Although deletion of the ␤-hairpin loop comprising residues 188-198 of cdb3 abolished ankyrin binding in ld/ld mice, heterozygous ϩ/ld erythrocytes had the same ankyrin binding and osmotic fragility profiles as wild-type erythrocytes. Because ankyrin binds tetrameric band 3 (30, 31) , in heterozygous erythrocytes, only 6.25% of band 3 tetramers would be expected to be composed of four ld-B3 proteins. Our ankyrin binding and osmotic fragility assays are not sensitive enough to detect a difference of this magnitude.
KI-IOVs retain integral membrane proteins, including other possible ankyrin anchors, such as the Rh-RhAG complex, the Na ϩ /Ca 2ϩ exchanger, CD47, and the Na ϩ /K ϩ -ATPase. Because we did not observe any binding of either intact ankyrin or its D3/D4 fragment to ld/ld KI-IOVs, we conclude that the association of ankyrin with these other possible anchors is too weak to exist in the absence of a functional band 3 and/or other peripheral membrane proteins.
In the ld/ld mouse, only the major band 3-ankyrin interaction is lost. Despite a total absence of ankyrin binding, erythrocytes from ld/ld mice are more stable than nb/nb, Slc4a1 Ϫ/Ϫ , or wild-type erythrocytes resealed with competing fragments of ankyrin or cdb3. Our observations contradict several hypotheses that the ankyrin-band 3 bridge alone is critical for red cell morphology, resulting in unstable spherocytic cells whenever the band 3-ankyrin linkage is compromised.
We hypothesize that the increased instability of nb/nb and Slc4a1 Ϫ/Ϫ erythrocytes, as well as erythrocytes resealed with competing fragments of ankyrin or cdb3, is caused by the elimination of multiple stabilizing interactions. For example, deficiency of band 3 causes concomitant loss of Rh complex proteins and CD47 (neither of which bind ankyrin), as well as Table 1 The level of Slc4a1 mRNA in ϩ/ϩ bone marrow was arbitrarily designated as 1.0. * , P Ͻ 0.04; ** , P Ͻ 0.002; *** , P Ͻ 0.001; **** , P Ͻ 0.02. glycophorin A and protein 4.2 from the membrane (21, 22) . These additional protein deficiencies clearly contribute to membrane instability. Similarly, our data predict that protein deficiencies beyond ankyrin occur in nb/nb erythrocytes (20) .
. Hematologic indices of wild-type (؉/؉), heterozygous (؉/ld), and loop-deleted (ld/ld) mice and quantitative-RT-PCR analysis of Slc4a1 mRNA levels in ؉/؉, ؉/ld, and loop-deleted (ld/ld) mutant mouse tissues
Further evidence for additional linkages contributing to membrane stability comes from analysis of adducin and protein 4.2-deficient knockout mice, as well as rare patients with protein 4.2 deficiency. In all cases, a mild hemolytic anemia with an intact red cell membrane skeleton, similar to our ld/ld mice, is observed (32) (33) (34) (35) . It is possible that ankyrin binds to cdb3 at a second, low-affinity site (36) . A recent finding by W. A. Anong and P.S.L. (unpublished data) demonstrates that band 3 interacts directly with adducin in IOVs. Together, these data demonstrate that although the ankyrin-cdb3 linkage is important for red cell membrane stability, the roles of other cytoskeleton-tomembrane linkages and/or additional proteins that contribute to the ankyrin-cdb3 bridge (e.g., CD47, protein 4.2) must be much greater than previously proposed. Identification of these protein interactions has important implications for our understanding of cytoskeleton biology in both erythroid and nonerythroid cells, as well as in the pathogenesis of membrane-linked inherited hemolytic anemia.
Methods
Materials. Na 125 I was obtained from PerkinElmer (Waltham, MA). Leupeptin and pepstatin were purchased from SigmaAldrich (St. Louis, MO). Triton X-100 was bought from Pierce Chemical (Rockford, IL). The TRIzol reagent and SuperScript III Platinum Two-Step quantitative RT-PCR kit with Syber Green were from Invitrogen (Carlsbad, CA). The anti-rabbit secondary antibody was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). All other chemicals were obtained from Sigma-Aldrich.
Homologous Recombination Strategy in ES Cells. The targeting construct was generated in a modified version of the pPNT vector (37) , which contains a PGK-Neo gene flanked by loxP sites and a PGK-hsv-tk gene. The 5Ј arm was a 3,227-bp BamHI/XhoI fragment (coordinates chromosome 11: 102,472,363 to 102,469,136) of the murine Slc4a1 (AE1, band 3) gene that extends into exon 4. The 3Ј arm was a 5,232-bp XhoI/SphI fragment of the murine Slc4a1 gene (coordinates chromosome 11: 102,469,136 to 102,464,304). The 3Ј arm was modified to delete the 33-bp sequence encoding the ␤-hairpin loop (coordinates chromosome 11: 102,467,497 to 102,467,529) while adding a 6-bp sequence encoding a diglycine bridge in exon 7. The pPNT vector was linearized with NotI and transfected into TC1 ES cells as described I refs. 38 and 39. A total of 67 G418/gancyclovir-resistant ES cell clones were collected and analyzed for homologous recombination events by Southern blot analysis. Eight clones (11.9%) were correctly targeted. PCR analysis with primers spanning the deleted region (Slc4a1 forward: 5Ј-CAATGGGAAACTCAATCCAAATAG-3Ј; reverse: 5Ј-TCCATCCAGCCCTTCCTTC-3Ј) demonstrated that four of eight clones had the deletion, whereas in the other clones, the recombination event was between the loop-deletion mutation and the neo gene in exon 4.
All animal procedures were approved by the National Human Genome Research Institute (NHGRI) Animal Care and Use Committee (ASP# G-04-2). Approximately 12 cells from two different loop deletion clones were injected into C57BL/6J blastocysts to generate chimeric mice. Male chimeras were bred to 129 female mice carrying the prion-Cre transgene (27) for germ line removal of the neomycin resistance gene cassette in the targeting construct. PCR analysis of DNA from tail biopsies identified offspring that were heterozygous for both the loop deletion and the prion-Cre transgene (Cre forward: 5Ј-CCGGGCTGCCACGACCA-3Ј; reverse: 5Ј-GGCGCCGCAA- CACCATTTTT-3Ј) that were crossed to generate an F 2 generation. PCR analysis of F 2 mice identified animals that contained the deletion but were negative for both the prion-Cre transgene and the neo cassette (neo forward: 5Ј-GGACCTTGCACA-GATAGCGT-3Ј; reverse: 5Ј-CTGTTCCTGACCTTGATGTG-3Ј). These animals were bred to generate homozygous loop deletion and control mice for analysis.
Blood Analysis. Blood was collected from the retroorbital sinus. Osmotic fragility was determined as described in ref. 40 . Reticulocyte counts were determined manually by staining of peripheral blood smears with crystal violet.
RNA Analysis. RNA was extracted from the bone marrow, spleen, and kidney by using TRIzol Reagent according to the manufacturer's instructions. The relative levels of Slc4a1 mRNA (Slc4a1 RNA forward: 5Ј-TCGAGGATCAGATTCGGCCT-3Ј; reverse: 5Ј-GAGGGTCCTTCTGAGCCCC-3Ј) and ␤ 2 -microglobulin (␤-2 forward: 5Ј-TGCTATCCAGAAAACCCCTC-3Ј; reverse: 5Ј-GTCATGCTTAACTCTGCAGG-3Ј) were compared by using the SuperScript III Platinum Two-Step qRT-PCR kit with Syber Green on an ABI Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA) machine.
Preparation of KI-IOVs. KI-IOVs were prepared from fresh blood as described in ref. 41 . Briefly, RBCs were washed with PBS (137 mM NaCl/2.7 mM KCl/8.1 mM K 2 HPO 4 /1.5 mM KH 2 PO 4 , pH 7.4) and ghosts were prepared by hypotonic lysis in 5 mM sodium phosphate/1 mM EDTA, pH ϭ 8.0, in the presence of 30 g/ml PMSF. The lysate was centrifuged at 25,000 ϫ g for 20 min and the supernatant was removed. The membrane pellets were resuspended and washed three additional times in lysis buffer. The white ghosts were then resuspended in a 100-fold volume excess of buffer containing 0.5 mM EDTA, 0.5 mM DTT, 40 g/ml PMSF, pH ϭ 8.0, at 4°C, warmed to 37°C over 30 min, and pelleted at 25,000 ϫ g for 30 min to remove spectrin and actin. The remaining peripheral proteins were removed by incubation for 30 min at 37°C in a 100-fold excess of 1 M KI, 25 mM sodium phosphate, 1 mM EDTA, 0.5 mM DTT, and 40 g/ml PMSF, pH ϭ 7.5. The resulting KI-IOVs were pelleted for 30 min at 25,000 ϫ g then washed twice with 5 mM sodium phosphate/1 mM EDTA, pH ϭ 8.0/0.5 mM DTT. Membrane concentrations were determined by using the Bradford assay. Detergent Extraction Assay and Densitometry Scan. RBCs were isolated from blood from wild-type and mutant mice and washed with PBS three times. One milliliter of packed RBCs was then solubilized by the addition of 1 ml of 2% Triton X-100, which was supplemented with 20 g/ml pepstatin A, 40 g/ml PMSF, 20 g/ml leupeptin, 0.5 mM DTT, and 1 mM EDTA. To achieve separation between solubilized membrane components and insoluble membrane skeletons, samples were layered onto a 35% sucrose cushion and spun at 85,000 ϫ g for 90 min. Pellets were dissolved in SDS and separated by SDS/PAGE, and bands were quantified by scanning densitometry.
Binding of 125 I-ankyrin to RBC Membranes. Intact ankyrin and D3D4 ankyrin fragment were iodinated with 1 mCi of Na 125 I (as described in ref. 41 ) to a specific activity of between 22,000 and 40,000 cpm/g. KI-IOVs (30 g/ml final concentration) prepared from wild-type and mutant RBCs were incubated for 3 h on ice with increasing amounts of 125 I-ankyrin (7-250 nM final concentration) in a buffer consisting of 5% sucrose, 50 mM sodium phosphate, 50 mM boric acid, 30 mM NaCl, 1 mM EDTA, 0.2 mM DTT adjusted to pH 6.5. Two washes with the same buffer were performed to remove unbound 125 I-ankyrin. The washed KI-IOVs were centrifuged at maximum speed in an Eppendorf 5415D table top centrifuge, and the pellets were assayed for 125 I-ankyrin incorporation into the membranes by using a ␥ counter. To determine the background, before the addition of 125 I-ankyrin, wild-type and mutant KI-IOVs were heat denatured (65°C, 5 min). These values were subtracted from the respective binding curves.
